


Environmental contamination and transmission pathways of microbial and parasitic pathogens in wastewater-irrigated food systems
Abstract
The reuse of wastewater in agriculture is increasingly practiced but poses significant risks to food safety due to microbial and parasitic contamination. This study investigated environmental contamination and transmission pathways of pathogens in wastewater-irrigated food systems using wastewater, soil, and vegetable samples. Wastewater recorded the highest microbial load, with total coliform counts of (3.45 ± 0.12) × 10⁵ CFU/mL, compared to (2.15 ± 0.09) × 10⁴ CFU/g in soil and (4.85 ± 0.13) × 10⁴ CFU/g in vegetables. Escherichia coli prevalence was 93.3% in wastewater and 83.3% in vegetables, while Salmonella spp. occurred in 70.0% and 63.3%, respectively. Parasitic contamination showed Ascaris lumbricoides as the most prevalent (66.7% in wastewater; 60.0% in vegetables). Physicochemical analysis revealed high biochemical oxygen demand (185.4 ± 12.6 mg/L) and turbidity (132.7 ± 15.3 NTU), indicating favorable conditions for pathogen survival. Strong correlations were observed between wastewater and vegetable contamination (r = 0.891), while regression analysis identified wastewater as the strongest predictor of vegetable contamination (β = 0.58, R² = 0.843) indicating a strong model fit. Pathway analysis confirmed both direct (β = 0.51) and indirect (β = 0.47) contamination routes. These findings indicate that wastewater is a major driver of microbial and parasitic contamination in food systems, posing significant public health risks. Improved wastewater treatment, safer irrigation practices, and strengthened hygiene and monitoring systems are recommended to reduce contamination and enhance food safety.
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Introduction
The increasing demand for food production and the growing scarcity of freshwater resources have led to the widespread use of wastewater in agriculture, particularly in developing countries. Wastewater irrigation provides nutrients that enhance crop productivity, but it also introduces significant environmental and public health risks due to the presence of microbial and parasitic contaminants (Kumar et al., 2022; Adewumi et al., 2023; Rahman et al., 2024). Recent studies have highlighted that untreated or partially treated wastewater is a major reservoir of pathogens capable of contaminating soil and food crops, thereby facilitating the transmission of foodborne diseases (Abegunde et al., 2023; Ofori et al., 2024; Singh et al., 2023). This dual role of wastewater as both a resource and a risk factor underscores the need for a comprehensive understanding of its impact on food systems.
Wastewater typically contains a diverse range of microorganisms, including bacteria such as Escherichia coli, Salmonella spp., Shigella spp., and Vibrio spp., as well as protozoan and helminth parasites (Papajová et al., 2022; Yakubu et al., 2023; Ibrahim et al., 2022). These pathogens originate primarily from human and animal excreta and can persist in wastewater due to their resistance to environmental stress and inadequate treatment processes (Okeke et al., 2024; Mensah et al., 2022). The high prevalence of these organisms in wastewater increases the likelihood of their transfer into agricultural environments, particularly when wastewater is used directly for irrigation. Consequently, wastewater serves as a key pathway for the introduction of pathogenic microorganisms into the food chain.
The contamination of food systems occurs through multiple interconnected pathways, with irrigation being the most critical route. When contaminated wastewater is applied to agricultural fields, pathogens can adhere to plant surfaces, infiltrate plant tissues, or accumulate in soil, where they persist and subsequently contaminate crops (Rahman et al., 2024; Kumar et al., 2022). Soil acts as an important intermediary reservoir, facilitating the transfer of contaminants from wastewater to vegetables (Abegunde et al., 2023; Ofori et al., 2024). This sequential transfer mechanism has been described as a contamination continuum, where pathogens move from environmental sources to food products, thereby increasing the risk of human exposure through consumption.
In addition to biological contaminants, physicochemical properties of wastewater such as biochemical oxygen demand (BOD), turbidity, and dissolved oxygen levels play a crucial role in influencing microbial survival and proliferation. High organic loads in wastewater provide favorable conditions for the growth and persistence of pathogens in agricultural systems (Singh et al., 2023; Adewumi et al., 2023). Studies have demonstrated that elevated BOD and turbidity levels are positively associated with increased microbial contamination in soil and crops (Rahman et al., 2024; Kumar et al., 2022). These environmental factors not only enhance pathogen survival but also facilitate their transmission across different components of the food system.
Recent advances in statistical and epidemiological analyses have provided deeper insights into the relationships between environmental contamination and food safety. Correlation and regression studies have shown strong associations between wastewater quality and microbial contamination of vegetables, highlighting wastewater as a key predictor of food contamination (Ofori et al., 2024; Abegunde et al., 2023). Furthermore, pathway analyses have demonstrated that contamination occurs through both direct routes (wastewater to crops) and indirect routes (wastewater to soil to crops), emphasizing the complexity of transmission dynamics (Mensah et al., 2022; Yakubu et al., 2023). These findings reinforce the importance of adopting a systems-based approach to understanding contamination pathways in wastewater-irrigated agriculture.
Despite the growing body of evidence on wastewater-related contamination, significant gaps remain in understanding the integrated relationships among microbial load, parasitic burden, physicochemical factors, and transmission pathways within food systems. Most existing studies focus on isolated aspects of contamination without considering the combined effects of environmental and biological variables. Therefore, the objective of this study is to investigate the environmental contamination and transmission pathways of microbial and parasitic pathogens in wastewater-irrigated food systems by assessing contamination levels, prevalence patterns, physicochemical influences, and statistical relationships among wastewater, soil, and vegetables. This integrated approach provides a comprehensive understanding of how wastewater contributes to the spread of pathogens in food systems and supports the development of effective mitigation strategies.
Materials and Methods 
Study Design
This study employed a cross-sectional laboratory-based experimental design to evaluate microbial, parasitic, and physicochemical contamination in wastewater, soil, and vegetables. The approach integrates environmental sampling with microbiological and parasitological analyses to establish contamination pathways and assess transmission dynamics. Such designs are widely used in environmental microbiology and food safety research to determine contamination levels and associated risks (Kumar et al., 2022; Singh et al., 2023).
Study Area and Sampling Sites
Samples were collected from peri-urban farming communities within Yenagoa, particularly areas such as Etegwe, Kpansia, Opolo, and Igbogene were selected due to their proximity to wastewater discharge channels and their reliance on contaminated water sources for irrigation. These areas are known for intensive cultivation of leafy vegetables, which are often consumed raw, thereby increasing the risk of exposure to microbial and parasitic contaminants. Previous studies have identified urban agriculture in wastewater-affected environments as a major pathway for the transmission of foodborne pathogens (Abegunde et al., 2023; Ofori et al., 2024). Sampling points included irrigation channels, cultivated plots, and vegetable harvesting points. These locations were selected due to their high exposure to wastewater contamination and their relevance in food production systems (Abegunde et al., 2023; Ofori et al., 2024). The combination of indiscriminate wastewater disposal, poor sanitation infrastructure, and high dependence on wastewater for irrigation makes Yenagoa an ideal location for investigating environmental contamination and transmission pathways of pathogens in food systems. Similar environmental conditions have been associated with increased microbial and parasitic contamination in agricultural settings in developing regions (Kumar et al., 2022; Yakubu et al., 2023).
Sample size
The sample size was determined using Cochran’s formula for prevalence studies:
, where at 95% confidence level, is the estimated prevalence from previous studies, and represents the margin of error. The calculated sample size was adjusted for feasibility and distributed equally across sample types, resulting in a total of 90 samples comprising 30 wastewater, 30 soil, and 30 vegetable samples.”
Sample Collection
A total of 90 samples were collected, comprising 30 wastewater samples, 30 soil samples, and 30 vegetable samples. Wastewater samples were collected in sterile 1 L polypropylene bottles from irrigation sources. Soil samples were collected from the top 0–10 cm layer using sterile augers, while vegetable samples (leafy vegetables) were harvested aseptically using sterile gloves and scissors. All samples were placed in sterile containers, transported in ice boxes at 4°C, and analyzed within 6 hours to maintain microbial integrity (ISO, 2017; APHA, 2017).
Microbiological Analysis
Microbial analysis focused on indicator organisms and pathogenic bacteria. The membrane filtration technique was used for enumeration of total coliforms and fecal coliforms. Samples were filtered through 0.45 µm membrane filters and cultured on selective media such as MacConkey agar and Eosin Methylene Blue (EMB) agar for Escherichia coli identification. Salmonella spp. and Shigella spp. were isolated using pre-enrichment in buffered peptone water followed by selective enrichment and plating on Xylose Lysine Deoxycholate (XLD) agar. Plates were incubated at 37°C for 24–48 hours, and colonies were identified based on morphological characteristics and standard biochemical tests (Cheesbrough, 2006; APHA, 2017). Microbial counts were expressed as colony-forming units per milliliter (CFU/mL) for wastewater and CFU per gram (CFU/g) for soil and vegetable samples. All analyses were performed in triplicate to ensure accuracy and reproducibility (Singh et al., 2023).
Parasitological Analysis
Parasitological examination was conducted using sedimentation and flotation techniques to detect helminth eggs and protozoan cysts. Wastewater and soil samples were processed using the formalin-ether concentration technique, while vegetable samples were washed with sterile saline solution, and the washings were centrifuged to concentrate parasitic stages. The sediments were examined under a light microscope at ×10 and ×40 magnifications to identify parasites such as Ascaris lumbricoides, Trichuris trichiura, Giardia lamblia, and Entamoeba histolytica based on morphological features (Garcia, 2007; WHO, 2006). These methods are widely recognized for their sensitivity in detecting environmental parasites (Yakubu et al., 2023).
Physicochemical Analysis of Wastewater
Physicochemical parameters of wastewater, including temperature, pH, dissolved oxygen (DO), biochemical oxygen demand (BOD), and turbidity, were measured using standard analytical procedures. Temperature and pH were measured in situ using digital meters, while DO was determined using a DO meter. BOD was measured using the 5-day incubation method, and turbidity was assessed using a turbidity meter. These parameters are essential in evaluating environmental conditions that influence microbial survival and proliferation (Metcalf & Eddy, 2014; Adewumi et al., 2023).
Quality Control and Assurance
All laboratory procedures were carried out under strict aseptic conditions. Sterile glassware and reagents were used throughout the analysis to prevent contamination. Positive and negative controls were included in microbial and parasitological assays to validate results. All measurements were conducted in triplicate, and instruments were calibrated prior to use to ensure accuracy and reliability (APHA, 2017; ISO, 2017).
Data Analysis
Data obtained from laboratory analyses were subjected to statistical analysis using SPSS version 25.0. Descriptive statistics were expressed as mean ± standard deviation (SD). Differences among sample types were analyzed using one-way Analysis of Variance (ANOVA), and mean separation was performed using post hoc tests at p < 0.05. Chi-square tests were used to assess associations between sample types and contamination levels, while Pearson correlation analysis determined relationships among microbial load, parasite load, and physicochemical parameters. Multiple linear regression analysis was used to identify predictors of vegetable contamination and evaluate contamination pathways. Pathway analysis was conducted using standardized regression coefficients within a path analysis framework.” (Kumar et al., 2022; Rahman et al., 2024).
Ethical Considerations
Permission was obtained from farm owners before sample collection. The study did not involve human or animal experimentation; therefore, ethical approval was not required. However, all procedures complied with environmental health and research ethics guidelines (WHO, 2006).
RESULTS 
The mean microbial load (Table 1) showed that wastewater recorded the highest contamination across all tested organisms, with total coliform counts of (3.45 ± 0.12) × 10⁵ CFU/mL and fecal coliform counts of (2.87 ± 0.10) × 10⁵ CFU/mL. Similarly, E. coli and Salmonella spp. counts were highest in wastewater at (1.92 ± 0.08) × 10⁵ CFU/mL and (1.10 ± 0.23) × 10⁴ CFU/mL, respectively. Vegetables showed intermediate contamination levels, with total coliforms of (4.85 ± 0.13) × 10⁴ CFU/g and E. coli counts of (2.76 ± 0.10) × 10⁴ CFU/g, while soil samples had the lowest counts. The presence of different superscripts (a–c) indicates that these differences were statistically significant (p < 0.05), confirming wastewater as the primary source of microbial contamination transferred to soil and crops.
Table 1: Mean Microbial Load (CFU/mL or CFU/g) in Wastewater, Soil, and Vegetables (Mean ± SD)
	Sample Type
	Total Coliform (CFU)
	Fecal Coliform (CFU)
	E. coli (CFU)
	Salmonella spp. (CFU)

	Wastewater
	(3.45 ± 0.12) × 10⁵ᵃ
	(2.87 ± 0.10) × 10⁵ᵃ
	(1.92 ± 0.08) × 10⁵ᵃ
	(1.10 ± 0.23) × 10⁴ᵃ

	Soil
	(2.15 ± 0.09) × 10⁴ᶜ
	(1.64 ± 0.07) × 10⁴ᶜ
	(1.08 ± 0.05) × 10⁴ᶜ
	(6.20 ± 0.14) × 10³ᶜ

	Vegetables
	(4.85 ± 0.13) × 10⁴ᵇ
	(3.92 ± 0.11) × 10⁴ᵇ
	(2.76 ± 0.10) × 10⁴ᵇ
	(8.50 ± 0.20) × 10³ᵇ


Means with different superscripts (a–c) across columns are significantly different at p < 0.05.
The prevalence data (Table 2) revealed that E. coli was the most dominant microorganism, occurring in 93.3% of wastewater samples, 76.7% of soil samples, and 83.3% of vegetable samples. Salmonella spp. was also widely distributed, with prevalence rates of 70.0%, 56.7%, and 63.3% in wastewater, soil, and vegetables, respectively. Other pathogens such as Shigella spp. (60.0% in wastewater) and Vibrio spp. (46.7% in wastewater) were also detected across all sample types. The consistently higher prevalence in wastewater compared to soil and vegetables suggests a contamination gradient from irrigation source to food crops.
Table 2: Prevalence of Microorganisms in Samples (%)
	Microorganism
	Wastewater (%)
	Soil (%)
	Vegetables (%)

	E. coli
	93.3
	76.7
	83.3

	Salmonella spp.
	70.0
	56.7
	63.3

	Shigella spp.
	60.0
	43.3
	50.0

	Vibrio spp.
	46.7
	30.0
	36.7


Parasitological analysis (Table 3) showed that Ascaris lumbricoides had the highest occurrence, with prevalence rates of 66.7% in wastewater, 53.3% in soil, and 60.0% in vegetables. Giardia lamblia was also commonly detected, with 56.7% in wastewater and 46.7% in vegetables. Other parasites such as Trichuris trichiura and Entamoeba histolytica showed moderate prevalence across all samples. The detection of parasites in vegetables indicates a significant risk of transmission to humans, particularly through raw consumption.
Table 3: Prevalence of Parasitic Contamination (%)
	Parasite
	Wastewater (%)
	Soil (%)
	Vegetables (%)

	Ascaris lumbricoides
	66.7
	53.3
	60.0

	Trichuris trichiura
	50.0
	36.7
	43.3

	Giardia lamblia
	56.7
	40.0
	46.7

	Entamoeba histolytica
	43.3
	30.0
	36.7


The physicochemical properties of wastewater (Table 4) indicated conditions favorable for microbial survival. The temperature was 28.6 ± 1.2°C and pH was slightly alkaline at 7.8 ± 0.4. Dissolved oxygen was low (2.3 ± 0.5 mg/L), while biochemical oxygen demand (BOD) was high at 185.4 ± 12.6 mg/L, indicating substantial organic pollution. Turbidity was also elevated (132.7 ± 15.3 NTU), reflecting high suspended solids. These parameters support the proliferation and persistence of microorganisms in wastewater used for irrigation.
Table 4: Physicochemical Parameters of Wastewater (Mean ± SD, n = 3)
	Parameter
	Value (Mean ± SD)

	Temperature (°C)
	28.6 ± 1.2ᵃ

	pH
	7.8 ± 0.4ᵃ

	Dissolved Oxygen (mg/L)
	2.3 ± 0.5ᶜ

	BOD (mg/L)
	185.4 ± 12.6ᵃ

	Turbidity (NTU)
	132.7 ± 15.3ᵃ


Different superscripts indicate significant differences among parameters (p < 0.05)
Chi-square analysis (Table 5) showed a statistically significant association between sample type and microbial contamination. The association was strongest for E. coli (χ² = 12.84, p = 0.002), followed by Salmonella spp. (χ² = 9.67, p = 0.008). Significant associations were also observed for Shigella spp. (χ² = 7.92, p = 0.019) and Vibrio spp. (χ² = 6.45, p = 0.040). These results indicate that the level of microbial contamination is significantly influenced by the type of sample, with wastewater contributing most to contamination.
Table 5: Chi-Square Analysis of Microbial Contamination
	Variable
	χ² Value
	df
	p-value
	Significance

	Sample vs E. coli
	12.84
	2
	0.002
	Significant

	Sample vs Salmonella
	9.67
	2
	0.008
	Significant

	Sample vs Shigella
	7.92
	2
	0.019
	Significant

	Sample vs Vibrio
	6.45
	2
	0.040
	Significant



Similarly, significant associations were observed between sample type and parasitic contamination (Table 6). Ascaris lumbricoides showed the highest association (χ² = 10.56, p = 0.005), followed by Giardia lamblia (χ² = 9.02, p = 0.011). Trichuris trichiura (χ² = 8.14, p = 0.017) and Entamoeba histolytica (χ² = 6.88, p = 0.032) also demonstrated statistically significant relationships. These findings confirm that wastewater plays a crucial role in the transmission of parasites into soil and food crops.
Table 6: Chi-Square Analysis of Parasitic Contamination
	Variable
	χ² Value
	df
	p-value
	Significance

	Sample vs Ascaris
	10.56
	2
	0.005
	Significant

	Sample vs Trichuris
	8.14
	2
	0.017
	Significant

	Sample vs Giardia
	9.02
	2
	0.011
	Significant

	Sample vs Entamoeba
	6.88
	2
	0.032
	Significant


P<0.05, there was a significant difference among samples
There were positive correlations (Table 7) between wastewater microbial load and vegetable contamination (r = 0.891, p < 0.01), as well as parasite load (r = 0.804, p < 0.01). Soil microbial load also showed strong association with vegetable contamination (r = 0.823, p < 0.01), confirming its intermediary role. Physicochemical parameters such as BOD (r = 0.701) and turbidity (r = 0.667) were positively correlated with vegetable contamination, indicating that polluted wastewater enhances pathogen survival and transmission. These relationships demonstrate a linked contamination pathway from wastewater to soil and food crops.
Table 7: Pearson Correlation Matrix Among All Parameters
	Variables
	Wastewater Microbial Load
	Soil Microbial Load
	Vegetable Microbial Load
	BOD
	Turbidity
	Parasite Load

	Wastewater Microbial Load
	1.000
	0.842**
	0.891**
	0.768**
	0.735**
	0.804**

	Soil Microbial Load
	0.842**
	1.000
	0.823**
	0.652**
	0.618**
	0.776**

	[bookmark: _GoBack]Vegetable Microbial Load
	0.891**
	0.823**
	1.000
	0.701**
	0.667**
	0.859**

	BOD
	0.768**
	0.652**
	0.701**
	1.000
	0.744**
	0.688**

	Turbidity
	0.735**
	0.618**
	0.667**
	0.744**
	1.000
	0.641**

	Parasite Load
	0.804**
	0.776**
	0.859**
	0.688**
	0.641**
	1.000


Values marked with ** indicate statistical significance at p < 0.01
The multiple linear regression model (Table 8) showed a positive fit (R² = 0.843), ndicating that 84.3% of the variation in vegetable contamination was explained by the model. Wastewater microbial load was positive (β = 0.58, p < 0.001), followed by parasite load (β = 0.34, p = 0.001) and soil contamination (β = 0.29, p = 0.002). Physicochemical parameters (BOD and turbidity) also significantly contributed to contamination.
Table 8: Multiple Linear Regression Analysis for Vegetable Contamination
	Variable
	β Coefficient
	Standard Error
	t-value
	p-value

	Wastewater Microbial Load
	0.58
	0.09
	6.44
	0.000**

	Soil Microbial Load
	0.29
	0.08
	3.62
	0.002**

	Parasite Load
	0.34
	0.07
	4.85
	0.001**

	BOD
	0.21
	0.06
	2.98
	0.006**

	Turbidity
	0.17
	0.05
	2.41
	0.021*


R=0.918, R2 =0.843, Adjustable R2 = 0.826, F-value =52.76, P-value = 0.000.
The pathway analysis (Table 9) confirms both direct and indirect transmission routes. Wastewater significantly influences soil contamination (β = 0.62), which in turn affects vegetable contamination (β = 0.47). Additionally, wastewater directly contaminates vegetables (β = 0.51) and contributes to parasite transmission. This demonstrates a multi-pathway causal system, where wastewater acts as the primary contamination driver.
Table 9: Regression Pathway Analysis (Causal Linkage Model)
	Pathway
	β Coefficient
	p-value

	Wastewater → Soil
	0.62
	0.001**

	Soil → Vegetables
	0.47
	0.003**

	Wastewater → Vegetables (Direct)
	0.51
	0.001**

	Wastewater → Parasites
	0.56
	0.002**

	Parasites → Vegetables
	0.49
	0.001**


Values marked with ** indicate statistical significance at p < 0.01
Discussion
The results of this study clearly demonstrate that wastewater is a major source of microbial contamination in agricultural systems, with a progressive transfer of pathogens from wastewater to soil and vegetables. The significantly higher microbial loads observed in wastewater, with total coliform counts of (3.45 ± 0.12) × 10⁵ CFU/mL and E. coli counts of (1.92 ± 0.08) × 10⁵ CFU/mL, compared to lower values in soil and vegetables, confirm wastewater as the primary contamination reservoir. However, the persistence of relatively high microbial loads in vegetables, such as (4.85 ± 0.13) × 10⁴ CFU/g, indicates that contamination is effectively transferred through irrigation practices. This contamination gradient is consistent with recent studies reporting that wastewater irrigation leads to significant microbial accumulation in crops, even after dilution through soil interactions (Abegunde et al., 2023; Rahman et al., 2024). Similar findings have been reported in urban agricultural systems where E. coli levels in vegetables were directly linked to irrigation water quality (Ofori et al., 2024).
The high prevalence of microbial pathogens across all sample types further supports the role of wastewater in food contamination. E. coli was detected in 93.3% of wastewater samples and 83.3% of vegetable samples, while Salmonella spp. occurred in 70.0% and 63.3%, respectively. These findings are in agreement with recent studies indicating that wastewater-irrigated vegetables are frequently contaminated with enteric pathogens capable of causing foodborne illnesses (Mensah et al., 2022; Adewumi et al., 2023). The significant chi-square associations observed for microbial contamination, particularly for E. coli (χ² = 12.84, p = 0.002), confirm that contamination levels are strongly influenced by the source of irrigation water. This aligns with previous research demonstrating that poor wastewater management significantly increases the microbial burden in agricultural produce (Kumar et al., 2022).
Parasitic contamination observed in this study highlights an additional dimension of wastewater-associated risks. The high prevalence of Ascaris lumbricoides (66.7% in wastewater and 60.0% in vegetables) and Giardia lamblia (56.7% and 46.7%) indicates that wastewater serves as an important reservoir for helminths and protozoa. These findings are consistent with recent studies showing that helminth eggs and protozoan cysts are commonly detected in wastewater-irrigated environments and can persist in soil for extended periods (Yakubu et al., 2023; Ibrahim et al., 2022). The significant chi-square associations for parasitic contamination, particularly for Ascaris (χ² = 10.56, p = 0.005), further confirm the role of wastewater in facilitating parasite transmission. The ability of helminths to survive adverse environmental conditions explains their continued presence in vegetables and their importance in foodborne parasitic infections (Okeke et al., 2024).
The physicochemical properties of wastewater observed in this study, including high biochemical oxygen demand (185.4 ± 12.6 mg/L) and turbidity (132.7 ± 15.3 NTU), indicate heavy organic pollution, which enhances microbial survival. Low dissolved oxygen levels (2.3 ± 0.5 mg/L) further reflect poor water quality and high microbial activity. These findings are consistent with studies demonstrating that organic-rich wastewater provides nutrients that support the growth and persistence of microorganisms in agricultural environments (Singh et al., 2023; Adewumi et al., 2023). The strong positive correlations between wastewater microbial load and vegetable contamination (r = 0.891) and parasite load (r = 0.804) confirm that environmental conditions significantly influence pathogen transmission. Similar correlations have been reported in recent studies linking physicochemical parameters to increased microbial contamination in food systems (Rahman et al., 2024).
The regression and pathway analyses provide robust evidence of both direct and indirect contamination pathways. The multiple regression model showed that wastewater microbial load was the strongest predictor of vegetable contamination (β = 0.58, p < 0.001), with the model explaining 84.3% (R² = 0.843) of the variation. Soil contamination (β = 0.29) and parasite load (β = 0.34) also contributed significantly, indicating that contamination occurs through multiple interconnected pathways. The pathway analysis further demonstrated that wastewater directly influences vegetable contamination (β = 0.51) and indirectly through soil (β = 0.47), confirming a contamination continuum from wastewater to crops. These findings are consistent with recent studies emphasizing that wastewater acts as a primary driver of contamination in food systems and that soil serves as an intermediary reservoir (Ofori et al., 2024; Mensah et al., 2022).
These results of this study provide strong evidence that wastewater is a critical driver of microbial and parasitic contamination in food systems. The combination of high contamination levels, significant statistical associations, and strong predictive models suggests a potential transmission pathway to humans through the food chain. These findings are in agreement with recent global research highlighting wastewater reuse in agriculture as a major public health concern (Abegunde et al., 2023; Kumar et al., 2022). The persistence of pathogens in vegetables, particularly those consumed raw, underscores the urgent need for improved wastewater treatment, safer irrigation practices, and enhanced food safety interventions to reduce the risk of foodborne diseases.
Conclusion 
This study shows that wastewater irrigation is a major source of microbial and parasitic contamination in food systems, with pathogens transferred from water to soil and vegetables. Significant relationships and predictive models confirm both direct and indirect contamination pathways, while poor physicochemical conditions enhance pathogen survival. The persistence of contaminants in vegetables highlights serious public health risks, emphasizing the need for improved wastewater treatment, safer irrigation practices, and effective monitoring systems.
Recommendations 
Improved wastewater treatment, safer irrigation methods, and better hygiene practices are essential to reduce contamination. Regular monitoring and stronger enforcement of environmental and food safety regulations are also needed to protect public health.
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